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Background: Replacing chemical catalysts with biocatalysts is a widely recognized goal of white biotechnology.
For biocatalytic processes requiring low water containing media, enzymes for example commercial preparations of
lipases, show low catalytic efficiencies. Some high activity preparations for addressing this concern have been
described. Protein coated microcrystals (PCMC) constitute one such preparation. The present work describes a
Combi-PCMC for synthesis of biodiesel from the oil extracted from spent coffee grounds.
Results: Different lipases were screened for biodiesel synthesis from crude coffee oil out of which Novozym
435 gave the best conversion of 60% in 4 h. Optimization of reaction conditions i.e. % water, temperature and
purification of coffee oil further enhanced conversion upto 88% in 24 h. A mixture of Novozym 435 and a cheap
commercially available 1,3-specific lipase RMIM (from Mucor miehei) was used in different ratios and 1:1 was
found to be the best trade-off between conversion and cost. The commercial preparations then were replaced
by a novel biocatalyst design called Combi-Protein coated microcrystals (Combi-PCMC) wherein CAL B and
Palatase were co-immobilized with K2SO4 as the core and this performed equivalent to the commercial
preparations giving 83% conversion in 48 h.
Conclusion: Coffee oil extracted from spent coffee grounds could be used for the synthesis of biodiesel by using
appropriate commercial preparations of lipases. The expensive commercially immobilized preparations can also
be replaced by a simpler and inexpensive immobilization design called combi-PCMC which synergizes the
catalytic action of a nonspecific lipase CAL B and a free form of 1,3-specific lipase from Mucor miehei.
Keywords: Biodiesel, Protein coated microcrystals, Coffee oil, Lipases, TransesterificationBackground
Lipases constitute the most frequently used enzyme in
industrial enzymology [1-3]. Many industrial prepara-
tions are available commercially from several vendors.
This ready availability of such preparations is largely
due to early industrial application of lipases in fat split-
ting [4]. In recent years, lipases have also been used in
low water containing organic media for esterification/
transesterification reactions [5,6]. In general “straight
from the vendor” and lyophilized powders show poor
catalytic activity in such media. This is due to the
structural changes in the enzyme molecules which take* Correspondence: appliedbiocat@yahoo.co.in
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distribution, and reproduction in any mediumplace during the drying process [7,8]. However, crys-
tallization and precipitation have been found out to be
better option for “drying” enzymes for use in low water
media [9-16]. One such approach is preparation of protein
coated microcrystals [10,14]. In this biocatalyst design,
enzyme gets precipitated over microcrystals of salts or
amino acids or sugar molecules. Fairly high initial rates
for catalysis in low water containing organic media have
been obtained for PCMCs of horse radish peroxidase
(HRP), soybean peroxidase (SBP), horse liver alcohol
dehydrogenase (HLADH), catalase and lipases [16]. For
example, PCMC of lipase from Candida antarctica
(CAL B) and Rhizomucor miehei (Palatase) showed a 5
and 15 fold increase in catalytic rates as compared to
“straight from the vendor” preparations in the kinetic
resolution of phenyl ethanol [10].tral Ltd. This is an Open Access article distributed under the terms of the
/creativecommons.org/licenses/by/2.0), which permits unrestricted use,
, provided the original work is properly cited.
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involving fats and oils. In the context of such reactions,
lipase can be classified either as 1, 3 specific (preferen-
tially attacking 1 and 3 position on the triglycerides) or
nonspecific (showing no preference to either 1 or 2 or
3 positions on the triglycerides). The choice of lipases,
for example, during production of biodiesel, is largely
governed by cost of lipase and its above mentioned
specificity.
The present work involves preparation of combi-PCMCs
of two different lipases for preparation of biodiesel starting
with the oil obtained from spent coffee grounds. The two
component lipases were palatase (lipase from Rhizomucor
miehei in free form) and CAL B (lipase from Candida
antarctica, also in free form). CAL B has been found to
be a non-specific lipase when used for biodiesel forma-
tion [17]. On the other hand, Rhizomucor miehei lipase
is known to be a 1,3-specific enzyme [18].
The global shortage of fossil fuels and environmental
concerns has sustained the interest in biodiesel pro-
duction [19-30]. Biodiesel is a mixture of esters of long
chain fatty acids and short chain monohydric alcohols
(MeOH or EtOH). Biodiesel can be obtained from plant
oils which constitute renewable resources. Biodiesel is
biodegradable and its use (in place of diesel) leads to
lower engine exhaust emissions of particulate matter and
green house gases such as CO, CO2 and SOx [24,30].
After the initial enthusiasm, there have been some
concerns about the overall sustainability (of biodiesel
production) as well as the diversion of the land (which
could have been used for growing food crops) to growing
energy crops [31]. With regard to the latter context; using
feed stock which is a waste material seems to be the most
attractive idea. Such an approach solves the waste disposal
problem and simultaneously yields a valuable product.
The use of spent restaurant grease/oils for producing
biodiesel has been one such approach [32-34].
Few years back, oil obtained from spent coffee grounds
(the material which is left after the brewed coffee liquor
is used for drinking) has been shown to be a viable
source for preparing biodiesel [35,36]. Recently, Calixto
et al. have used supercritical methanol to carry out in
situ extraction and transesterification of spent coffee
ground oil to obtain biodiesel [37].
It has been pointed out that spent coffee grounds con-
tain 10–15 weight % oil [38]. With the global coffee pro-
duction quoted as 16.34 billion pounds per year [35],
spent coffee grounds constitute a huge amount of waste
material. With chains of cafés exclusively devoted to
serving coffee, the working model could be similar to
the one adopted for collecting restaurant grease for
producing biodiesel [32-34].
Biodiesel is a mixture of monoalkyl esters of fatty acids
and is obtained by the transesterification of oils/fats. Thetransesterification can be catalyzed by either an acid or
alkali or by an enzyme. When an enzyme is used as a
catalyst, the reaction can be carried out at a moderate
temperature; downstream processing is easier and if the
feedstock oil contains high FFA content, enzymatic
process seems to be more robust to deal with it [19-25].
Lipases have been used for this purpose and the process
has been described with a very large number of oils and
fats with varying degree of success [39-46].
Transesterification reactions catalyzed by lipases are
carried out in a low water media [47,48]. Either one can
use nearly anhydrous organic solvents as reaction medium
or work with a solvent free media in which case substrates
(oil and the alcohol) constitute the reaction medium
[20,42,45].
The present work shows that enzymatic transester-
ification does work fairly well with the relatively new and
promising feedstock of spent coffee grounds. The catalysis
could be carried out by employing a mixture of two
commercially available immobilized preparations of two
lipases. It was also shown that a new biocatalyst design
called Combi-PCMC (combined protein coated micro
crystals) could replace the above enzyme preparations as a
less expensive alternative.
Results and discussion
Extraction of coffee oil
It has been reported that on an average spent coffee
grounds yield about 11-20% oil [49]. For oil extraction,
simple hexane extraction under reflux conditions gave
only 6% coffee oil. However when the hexane extraction
was done in the soxhlet apparatus, the yield of coffee oil
obtained was 14%. Three phase partitioning [50] using
tert-butanol was also performed, which resulted in a 4%
coffee oil recovery. It was decided to use the soxhlet
method for obtaining the coffee oil in the present work.
Screening of lipases for biodiesel preparation from crude
coffee oil
Figure 1 shows the result of screening of 9 different com-
mercial preparations of lipases for their transesterification
efficiency in catalyzing the conversion of coffee oil to ethyl
esters of the fatty acids. Lipases from different sources
vary widely in the range of their substrate specificities
[3,6]. Industrial preparations of various lipases are com-
mercially available because of their numerous industrial
applications [1]. The reaction mixture consisted of coffee
oil (0.5 g) and ethanol (126 μl) (molar ratio of oil: ethanol
was 1: 4). The ratio of the oil: ethanol was chosen in view
of the results reported by earlier workers [23,42-44]. Slight
stoichiometric excess of alcohol has been reported to be
required for obtaining satisfactory transesterification [23].
At the same time, excess of alcohols (especially lower
chain alcohols which are used for producing biodiesel)
Figure 1 Screening of lipases. Crude coffee oil (0.5 g) and ethanol
were taken in the molar ratio of 1:4. 10% (w/w of oil) different
“straight from the bottle” lipases were added. Aliquots were taken
out after 4 h and analyzed by GC as described in materials and
methods section. The experiments were done in duplicates and the
error between the two sets was within 3%. Lipases are abbreviated
as follows: lipase from Pseudomonas cepacia: PS, PS C (lipase
immobilized on ceramic particle), PS D (lipase immobilized on
diatomaceous earth), Lipase from Candida rugosa: lipase AYS;
immobilized form of lipase from CAL B: Novo-435, Rhizomucor
miehei lipase immobilized on macroporous anion exchange resin:
RMIM; Lipase from Mucor javanicus: Lipase M; Lipase from Aspergillus
niger: Lipase AP12; Lipase from Penicillium camemberti: Lipase G.
Figure 2 Effect of water content. Crude coffee oil (0.5 g) and
ethanol were taken in the ratio of 1:4 (mol/mol). 10% (w/w of oil)
Novozym 435 was added. Different amounts of water (w/w of enzyme)
were added to the reaction media. Aliquots were taken out after 4 h
and analyzed by GC as described in materials and methods section.
The experiments were done in duplicates and the error between the
two sets was within 3%.
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mostly 1:4 has been the ideal choice. Other screening
conditions were also similar to those used earlier in our
laboratory [43]. The ester content (weight %) was deter-
mined after 4 h. Amongst all the lipases; Novozym 435
was found to be the best biocatalyst preparation as it
gave highest conversion to the esters.
Effect of water content on biodiesel production
Amount of water present or more strictly water activity
aw of the reaction medium is known to be an important
parameter which influences reaction rates/conversions
in enzyme catalyzed reactions in low water media [5,51].
As mentioned elsewhere [23,43], in processes like bio-
diesel production, the ultimate process is intended to be
carried out at a large scale, so it makes sense to optimize
the process in terms of added water amount. The effect
of water content on the transesterification reaction of
coffee oil with ethanol under solvent free conditions
using Novozym 435 (10% w/w of oil) was examined by
carrying out the reaction at five different water contents:
0, 1, 2, 3 and 10% (w/w of enzyme). Figure 2 shows the
effect of different amounts of water added to the reac-
tion mixture on biodiesel production. After 4 h, it was
observed that the highest ester yield (60%) was obtained
when no water was externally added to the reactionmixture. So, for all the further transesterification reac-
tions, no water was added in the reaction mixture.
Effect of temperature on biodiesel preparation
The effect of temperature on the transesterification reac-
tion of coffee oil with ethanol under solvent free condi-
tions using Novozym 435 (10% wt of oil) was examined
by carrying out the reaction at three different tempera-
tures: 40, 50 and 60°C (Figure 3). The maximum ester
content obtained was 88% (w/w) at 8 h at 40°C. This
was surprising as even CAL B, the free form of Novozym
435 is recommended by the vendor to be stable upto 60°C
even in water. The enzymes generally are much more
stable in low water media [47]. Pirozzi and Greco (2004)
[52] have found Novozym 435 to work optimally at 70°C
during synthesis of butyl lactate at aw = 0.06 [52]. The rea-
son presumably may be due to greater inactivation at
higher temperatures by other substances present in cof-
fee oil. Also, as pointed out by Antczak et al. (2009)
[23], optimum temperature for enzymatic transesterifi-
cation can depend upon a complex interplay between
enzyme stability, nature of medium and rate of trans-
esterification [23].
Effect of enzyme loading
The cost of the enzyme is an important consideration in
the overall process economics. It was seen that with 5%
(w/w) enzyme, conversion to 70% esters was observed in
16 h. continuing the reaction upto 24 h did not result in
Figure 4 Biodiesel from Clean Coffee Oil. All reactions were
performed taking 0.5 g of clean coffee oil. 50 mg of the solid
enzyme was added (enzyme load being 10%) to each set. Ethanol
was added in molar ratio 4:1 (ethanol:oil). Conversion rates were
measured at 24 hrs respectively through GC analysis. The
experiments were done in duplicates and the error between the
two sets was within 3%.
Figure 3 Effect of temperature. Crude coffee oil (0.5 g) and ethanol
were taken in the molar ratio of 1:4. 10% (w/w of oil) Novozym 435
lipase was added and incubated at different temperatures. Aliquots
were taken out at regular intervals and analyzed by GC as described in
materials and methods section. The experiments were done in
duplicates and the error between the two sets was within 3%.
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reached the equilibrium by 16 h (Additional file 1: Figure
S1). As compared with 88% conversion with 10% (w/w)
enzyme in 8 h (Figure 3), this was less efficient. Hence,
reducing the amount of enzyme was not desirable if
one wanted to achieve the maximum possible ester
content. Further optimization experiments were carried
out by using 10% (w/w) enzyme only.
Lipase catalysed biodiesel formation is controlled by a
fairly complex set of parameters. The substrates, alcohol
and the product glycerol are known to inhibit lipases
[53-55]. In low water media, even water molecules act as
enzyme inhibitors [56]. Apart from these complex inhib-
ition patterns, lipases also undergo inactivation. Hence,
while transesterification reactions are believed to be
equilibrium controlled, in reality the final % conversion
is dependent upon the amount of enzyme used.
Purification of the coffee oil
Coffee oil is known to contain various low molecular
weight substances [36]. This results in coffee oil (as
extracted) becoming a dark brown colored liquid. The
oil was decolorized by refluxing with 2 g activated char-
coal for 1 h. A comparison between the colored (crude)
and decolorized (clean) oil was carried out to see if the
polyphenols etc. present in the coffee oil had any effect
on the percentage conversion to the ethyl ester.
Enzyme screening with clean coffee oil
The best five performing lipases identified after screen-
ing with the crude coffee oil, Novozym 435 (immobilizedform of CAL B L), Pseudomonas cepacia (PS) lipase, PS C
(lipase immobilized on ceramic particle), PS D (lipase
immobilized on diatomaceous earth), Rhizomucour miehei
lipase immobilized on macroporous anion exchange resin
(Lipozyme RMIM) were again screened to check the
production of biodiesel from clean coffee oil (Figure 4).
This screen was based upon 24 h reaction time to get an
estimate of the highest conversion obtainable (irrespective
of the rate of the reaction) with a particular enzyme
preparation. Novozym 435, which is known to give fairly
high rates for the enzymatic transesterification reaction
for biodiesel conversion with various oils [25,57,58], again
gave the highest conversion which was 88% in 24 h and
the next best result was obtained with RMIM, which gave
a conversion of 70% in 24 h. RMIM is a 1,3-specific en-
zyme and thus its theoretical yield is expected to be
66%. Yield higher than the theoretical yield may be due
to a small amount of acyl-migration. Acyl-migration is
a non-enzymatic process which involves spontaneous
movement of an acyl-group from one hydroxyl group
to an adjacent one [59,60].
It was seen that on the whole, decolourization of cof-
fee oil with activated charcoal did not have a significant
effect on the enzyme activity. However, all further work
was carried out with the clean coffee oil.
Transesterification reaction with varying ratios of
Novozym 435: RMIM
Novozym 435 is a relatively more expensive form of the
commercially available lipase preparation. It was ob-
served during the enzyme screening that the next best
enzyme for biodiesel formation was RMIM, which is an
immobilized form of the enzyme Rhizomucor miehei.
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specific enzyme, some amount of Novozym 435 would
be required for obtaining conversions beyond 66%. The
presence of Novozym 435 and RMIM together were
expected to give high conversion rates. The triglyceride
would be transesterified by the 1,3-specific lipase to
give the 2-monoglyceride. The 2-monoglyceride can
also be transesterified by the non-specific lipase (CAL
B) to give the fatty acid ethyl ester and glycerol. There-
fore different ratios of RMIM and Novozym 435 were
tried.
Reactions were carried out wherein the ratio of
Novozym 435 was gradually decreased. Initially reaction
was performed taking Novozym 435 to RMIM in a 3:1
ratio (Figure 5). In this case the conversion obtained in
24 h was 85% which was quite comparable to what was
observed for Novozyme-435 catalyzing the reaction alone.
Next the ratio of Novozym 435 to RMIM was further
varied to 1:1 (Figure 5) and the highest conversion
obtained was 86% with the clean oil in 24 h. When the
ratio of Novozym 435 to RMIM was 1:3 (Figure 5) the
conversion in 24 h was about 80% for the clean oil.
Looking at the three different ratios of Novozym 435 to
RMIM, we can say that the ratio of 1:1 constitutes the
best “trade off” between cost and conversion. That is,
replacing half the Novozym 435 of the reaction with
RMIM which is cheaper enzyme, we would still get
conversion that would be comparable to using Novozym
435 alone.Figure 5 Biodiesel Conversion with Clean Oil using Novozym
435 + RMIM. Reactions were performed taking 0.5 g coffee oil.
Ethanol was added in molar ratio 4:1 (ethanol: oil). Novozym 435 +
RMIM = 3:1 (White Bars); 37.5 mg of enzyme Novozym 435 (enzyme
load being 7.5% w/w of oil) and 12.5 mg of enzyme RMIM (enzyme
load being 2.5% w/w of oil) was added. Novozym 435 + RMIM = 1:1
(Grey Bars); 25 mg of enzyme Novozym 435 (enzyme load being 5%
w/w of oil) and 25 mg of enzyme RMIM (enzyme load being 5% w/
w of oil) was added. Novozym 435 + RMIM = 1:3 (Black bars); 12.5
mg of enzyme Novozym 435 (enzyme load being 2.5% w/w of oil)
and 37.5 mg of enzyme RMIM (enzyme load being 7.5% w/w of oil)
was added.Designing inexpensive immobilized lipases for
biodiesel synthesis
While enzyme catalysed synthesis of biodiesel is consid-
ered the most desirable approach, the cost of the enzyme
continues to be the major technological constraint in
adoption of biocatalysis for production of this biofuel. In
the last few decades, various approaches of immobilization
of enzymes for obtaining high catalytic performance in
low water media have been suggested [10,13,14,61-63].
One such enzyme design is protein coated micro crystals
(PCMC) [10]. In this approach, a simple inexpensive salt
like K2SO4 is used as the immobilization matrix and the
enzyme is spread over the crystal surface. Fairly high initial
rates have been reported with PCMC preparations [10].
PCMC of CAL B and Palatase showed a 5 and 15-fold
increase in catalytic activity respectively as compared
to the enzyme as received in the kinetic resolution of
1-phenylethanol [10]. Many other enzymes have also
been tried by other workers and their PCMCs also
showed marked enhancement in catalytic activity as
compared to that of the corresponding forms as received
from the vendor. Horse radish peroxidase (HRP), soybean
peroxidase (SBP), horse liver alcohol dehydrogenase
(HLADH) and catalase showed 18, 9, 50 and 25-fold
increase respectively [16]. Earlier, PCMC of a lipase has
been reported to work well for obtaining biodiesel from
Madhuca indica oil [43]. For preparation of PCMCs,
the free forms of the Novozym 435 [CAL B] and RMIM
[Palatase] were used. These free forms are considerably
less expensive than their immobilized preparations.
Both CAL B and Palatase are available in liquid form.
According to Schoevaart et al. (2003) [64], tert-butanol
was a good solvent for precipitation of both CAL B and
Palatase as complete activity could be recovered on
precipitation. Therefore for preparation of PCMC and
CLPCMC tert-butanol was used as organic solvent for
precipitation. PCMC of CAL B gave a conversion of 66%
in 48 hrs with clean coffee oil (Figure 6). Expectedly
the PCMC of Palatase gave less conversion to ethyl
ester. In 48 hrs 58% conversion was obtained (Figure 6).
When PCMCs of CAL B and Palatase were mixed in the
ratio of 1:1, the conversion of 65% (similar to what was
obtained with PCMC of CAL B alone) in 48 hours was
obtained (Figure 7). In this experiment (with mixture of
PCMCs), the amount of individual PCMC taken was
half of what was used when that PCMC was used alone.
So, the % conversions are comparable.
The synergy between two different enzymes by co-
immobilization or mixing two immobilized preparations
has been found to be successful in some cases [65,66].
Few years back, we reported combi-CLEA [67] and
multipurpose CLEA [68] designs as further applications
of this concept. For better synergy of CAL B and
Palatase, a combi-PCMC was prepared wherein half the
Figure 6 Preparation of biodiesel from Clean Coffee oil
catalysed by PCMCs of CAL B (Grey Bars) and Palatase Black
Bars). PCMC was made as described in materials and methods
section. Reactions were performed taking 0.5 g coffee oil. Ethanol
was added in molar ratio 4:1 (ethanol: oil). Conversion rates were
measured by analyzing the aliquots withdrawn at the different time
intervals using Gas Chromatographic analysis. The experiments were
done in duplicates and the error between the two sets was
within 3%.
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PCMCs) of CAL B and Palatase each were mixed and
co-precipitated alongwith K2SO4 to form the combi-PCMC
of CAL B and Palatase. This was found to perform signifi-
cantly better than the corresponding mixture of PCMCsFigure 7 Biodiesel from Clean Coffee oil catalysed by
Combi-PCMC (White Bars); a mixture of PCMCs (1:1) (Grey Bars)
and CL-Combi-PCMC (Black Bars) of CAL B and Palatase
(tert- Butanol used for precipitation). Reactions were performed
taking 0.5 g coffee oil. Combi-PCMCs and CL-Combi-PCMCs were
made as described in the materials and methods section. For a mixture
of PCMCs, the individual PCMCs were made separately as mentioned
in Figure 6 and then they were mixed in the ratio 1:1. Ethanol was
added in molar ratio 4:1 (ethanol: oil). Conversion rates were measured
by analyzing the aliquots withdrawn at the different time intervals
using Gas Chromatographic analysis. The experiments were done in
duplicates and the error between the two sets was within 3%.(Figure 7). The SEM image of Combi-PCMC is shown
in Figure 8. Earlier we had reported that a crosslinked
PCMC gave better transesterification rates as compared to
PCMC [62]. In the combi-PCMC design, the crosslinking
unfortunately did not yield a more efficient biocatalyst
for biodiesel synthesis (Figure 7).
Experimental
Materials
Spent coffee grounds were obtained from the local out-
let of a chain of coffee cafeterias Cafe Coffee Day. The
vendor uses a mixture of Arabica (Coffea arabica) and
Robusta (Coffea canephora) coffee seeds and this was
used as a starting material for extracting oil. Lipases from
Pseudomonas cepacia [PS, PS C (lipase immobilized on
ceramic particle), PS D (lipase immobilized on diatom-
aceous earth)], Candida rugosa (lipase AY), Lipase from
Mucor javanicus: Lipase M; Lipase from Aspergillus niger:
Lipase AP12; Lipase from Penicillium camemberti: Lipase
G were kind gifts from Amano Enzymes (Nagoya, Japan).
Lipase B from Candida antarctica (CAL B), Rhizomucor
miehei (Palatase), Novozym 435 (immobilized form of CAL
B), Rhizomucor miehei lipase immobilized on macroporous
anion exchange resin (Lipozyme RMIM) were kind gifts
from Novozymes, (Denmark). Ethanol was purchased
from Merck (Germany) and n-hexane was purchased
from Sigma Aldrich (St. Louis, USA). All the alcohols
and solvents were further dried by keeping overnight
over 3 Å molecular sieves bought from Merck (Mumbai,
India).
Soxhlet extraction of oil from spent coffee grounds
Spent coffee grounds (50 g) were weighed in filter paper
and placed in a 500 mL soxhlet glass timble. The extrac-
tion was carried out using n-hexane as solvent (380 mL)
at 70°C. After extraction, the solvent was evaporated on
a rotatory evaporator to obtain the coffee oil.
Hexane extraction
Spent coffee grounds (50 g) were added to hexane (400
mL) taken in a 1 L round bottomed flask and it was
refluxed for 4 h. The hexane extract was filtered to remove
the spent coffee grounds. The coffee oil was obtained from
the filtered hexane extract by evaporating off the hexane
in a rotatory evaporator.
Three phase partitioning (TPP) for oil extraction
Spent coffee grounds dispersed in water was mixed with
50% ammonium sulphate (w/v). tert-Butanol to aqueous
layer was in a 1:1 ratio. It was then incubated for 1 h at
25°C. After 1 h the mixture was centrifuged at 6000 x g
for 15 minutes at 25°C. The upper tert-butanol layer was
then collected and dried using sodium sulphate. After
drying the tert-butanol layer was evaporated on the rotary
Figure 8 SEM images showing (A) the K2SO4 crystals and (B) the Combi-PCMCs of Palatase and CAL B prepared using K2SO4 as the
core material.
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coffee oil.
Decolourization of coffee oil
The coffee oil obtained by soxhlet extraction was refluxed
with 2 g of activated charcoal at 70°C for half an hour.
The hexane layer was then filtered to remove the activated
charcoal. The clear hexane layer obtained after filtration
was then evaporated in a rotary evaporator to remove the
hexane and decolorized coffee oil was obtained.
Preparation of protein coated microcrystals (PCMCs) of the
enzyme
PCMCs of CAL B and Palatase were prepared by starting
directly from the liquid commercial preparations available
from Novozyme, Denmark. The preparation of PCMCs
was carried out essentially as described earlier [10]. The
activities of CAL B and Palatase preparations used in the
present work were 6 U/mL and 125 U/mL respectively.
The activity unit corresponded to the assay based upon
hydrolysis of p-nitrophenyl palmitate [69,70]. The corre-
sponding protein contents were found to be 8.1 mg/mL
and 6.8 mg/mL respectively as established by the dye
binding assay [71]. 100 μL of the enzyme was added to
100 μL of 10 mM sodium phosphate buffer pH 7.0. This
solution was then added to 600 μL of a saturated solution
of potassium sulphate. The resulting solution was added
dropwise to 6 mL of ice chilled tert-butanol at 4°C with
constant shaking followed by incubation at 4°C with a
constant shaking at 200 rpm for 30 min. After completion
of 30 min, the solution was first washed twice with tert-
butanol and then once with acetone.
Preparation of combi-protein coated microcrystals (Combi-
PCMCs) of Palatase and CAL B
Palatase (50 μL) and CAL B (50 μL) were added to 100 μL
of 10 mM sodium phosphate buffer pH 7.0. This solution
was then added to 600 μL saturated solution of potassium
sulphate. The resulting solution was added drop-wise to
tert-butanol at 4°C with constant shaking. The resultingsolution was the incubated at 4°C with constant shaking
of 200 rpm for 30 min. After completion of 30 min the
solution was first washed with tert-butanol twice and
then once with acetone.
Preparation of crosslinked combi protein coated
microcrystals (CL-Combi-PCMCs)
The Combi-PCMCs obtained above were dispersed in 1
mL of tert-butanol. The Combi-PCMCs were crosslinked
by incubating with 50 mM glutaraldehyde at 4°C with
shaking at 300 rpm for 4 h. Combi-PCMCs thus obtained
were washed twice with tert-butanol and then once with
acetone.
Synthesis of biodiesel
Coffee oil (0.5 g) was mixed with ethanol (126 μL) in 4:1
molar ratio of ethanol: oil. The enzyme preparation was
added to the reactant mixture followed by incubation at
40°C with shaking at 200 rpm. Aliquots were taken at
different time intervals and the percentage conversion
to ethyl ester was determined by carrying out the GC
analysis of the samples.
GC analysis for biodiesel
The alkyl esters were analyzed on Agilent Technologies
6890 N network GC systems, USA with a flame ionization
detector. The standard reference method EN 14103 was
used [72]. The capillary column HP- 5 (5% diphenyl
95% dimethylpolysiloxane), 30 m X 0.32 mm X 0.25 μm
(Agilent) was used. Nitrogen was used as the carrier
gas. The column oven temperature was programmed in
the range of 150°C to 250°C at 10°C min-1 with injector
and detector temperatures at 240°C and 250°C, respectively.
The resulting fatty acid esters (biodiesel) from the
reaction were weighed and mixed with the internal
standard methyl heptadecanoate (10 mg/ml solution in
hexane). The final concentration of sample in the mix-
ture is 50 mg/ml. 1 μl of this mixture was injected in
the GC. Peak areas of fatty acid esters and internal
standard were obtained.
Banerjee et al. Sustainable Chemical Processes 2013, 1:14 Page 8 of 9
http://www.sustainablechemicalprocesses.com/content/1/1/14Result for the fatty acid ester content is expressed as a
mass fraction in percent using methyl heptadecanoate C17









ΣA = total peak area C14:0 – C24:1
A’ = internal standard peak area (methyl heptadecanoate)
C’ = concentration of internal standard solution in mg/mL
V’ = volume of internal standard solution used in mL
m = mass of the sample in mg
Similar quantification approach for biodiesel prepar-
ation has been used by earlier workers [73,74].
Conclusions
To sum up, coffee oil extracted from spent coffee grounds
could be used for the synthesis of biodiesel by using ap-
propriate commercial preparations of lipases. The expen-
sive commercially immobilized preparations can also be
replaced by a simpler and inexpensive immobilization
design called combi-PCMC which synergizes the catalytic
action of a nonspecific lipase CAL B and a free form of
1,3-specific lipase from Rhizomucor miehei.
The preparation of biodiesel employed a waste mater-
ial as an oil source. The coffee plant itself is a renewable
resource. The biocatalyst design used a simple salt as the
immobilization matrix. Hence, the process constitutes a
sustainable as well as an inexpensive approach for bio-
diesel synthesis.
Additional file
Additional file 1: Figure S1. Effect of enzyme load. Crude coffee oil
(0.5 g) and ethanol were taken in the molar ratio of 1:4. 5% and 10% (w/w
of oil) Novozym 435 lipase was added and incubated at 40°C. Aliquots were
taken out at regular intervals and analyzed by GC as described in materials
and methods section. The experiments were done in duplicates and the
error between the two sets was within 3%.
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